In Brief
Using X-ray microtomography and ray tracing, Taylor and Ribi et al. show that the ocelli of the orchid bee would provide information for both flight stabilization and polarization analysis-regions of each eye receive focused light, and other regions form a trinocular visual field from differentially aligned polarizationsensitive rhabdoms.
SUMMARY
Visually guided flight control in the rainforest is arguably one of the most complex insect behaviors: illumination varies dramatically depending on location [1] , and the densely cluttered environment blocks out most of the sky [2] . What visual information do insects sample for flight control in this habitat? To begin answering this question, we determined the visual fields of the ocelli-thought to play a role in attitude stabilization of some flying insects [3] [4] [5] -of an orchid bee, Euglossa imperialis. High-resolution 3D models of the ocellar system from X-ray microtomography were used for optical ray tracing simulations. Surprisingly, these showed that each ocellus possesses two distinct visual fields-a focused monocular visual field suitable for detecting features elevated above the horizon and therefore assisting with flight stabilization [3] [4] [5] and, unlike other ocelli investigated to date [4, 6, 7] , a large trinocular fronto-dorsal visual field shared by all ocelli. Histological analyses show that photoreceptors have similar orientations within each ocellus and are likely to be sensitive to polarized light, as in some other hymenopterans [7, 8] . We also found that the average receptor orientation is offset between the ocelli, each having different axes of polarization sensitivity relative to the head. Unlike the eyes of any other insect described to date, this ocellar system meets the requirements of a true polarization analyzer [9, 10] . The ocelli of E. imperialis could provide sensitive compass information for navigation in the rainforest and, additionally, provide cues for visual discrimination or flight control.
RESULTS AND DISCUSSION
The prominent dorsal ocelli of E. imperialis each possess a biconvex lens, a distinct iris, and a cupped retina (Figure 1) . In contrast to several other bee species, whose dorsally facing ocellar retinae appear to receive only unfocused light [11, 12] , a substantial vitreous body separates each retina from its lens, indicating that they may receive a focused view of the world. Although our optical analysis showed that light parallel to the optical axis of each lens was focused behind the rear of the retina (Figure 2A) , our 3D models indicated that cupped areas in the proximal rim of both the lateral and median retinae were positioned at the correct distance from the lens to receive focused light ( Figure 2B ). In its normal orientation during flight (measured from films of flying orchid bees), our ray-tracing algorithm predicted that the median ocellar retina receives focused light from a frontal region that extends from just below the horizon up to an elevation of approximately 70
, whereas the lateral ocelli receive focused light from smaller rearward looking regions elevated from the horizon to approximately 50 (Figures 3A and 3B). A hypothesis for the function of ocelli in diurnal flying insects is that they act as horizon detectors for attitude stabilization [3, 4] . This idea has been supported by anatomical data from dragonflies showing that the lens of their median ocellus focuses horizontal features in the environment onto the retina [13, 14] . The presence of focused visual fields looking horizontally in different azimuthal directions ( Figure 3D ) in the ocelli of E. imperialis suggests that they too play a role in attitude stabilization. Furthermore, the complete visual fields of orchid bee ocelli have a similar extent to the dorsally positioned but poorly focused ocelli of the blowfly Calliphora [15] , which have been confirmed to measure low-latency visual cues for flight stabilization [5, 16] .
The entire retina of each ocellus does not receive well-focused light (Figure 2A) , and, likewise, the regions in the world from which this focused light originates also represent a minor portion of the large field of view of each ocellus (Figure 3 ). The ocelli of E. imperialis therefore appear to have functions in addition to providing information for attitude stabilization. Intriguingly, a substantial region of the world is viewed by all three ocelli, forming a large dorsal region of trinocular overlap centered around the optical axes of the lenses ( Figure 3C ). Given that the majority of the common visual field does not fall on focused areas of the retinae (Figure 2A ), what could be the benefit of having three underfocused views of a patch of canopy and sky? To understand the possible function of the trinocular overlap, we examined the structure of the photoreceptors that receive light in this retinal area. Electron microscopy revealed that the ocellar retinae comprise rectangular rhabdoms formed by the fused rhabdomeres of two adjacent photoreceptor cells that remain straight and untwisted along their length ( Figure 4 ). In all invertebrates, the microvilli that make up the rhabdomeres are dichroic, that is, their absorption is dependent on the polarization direction, or electric vector (e-vector) angle, of incident light [17] . Straight, elongated, and non-twisting rhabdoms, like those found in the orchid bee ocelli, exist in other hymenoptera [8] and invertebrates and are always maximally responsive to light that has an e-vector angle oriented perpendicular to their cross-sectional long axis (reviewed by [10] ). For example, electrophysiological recordings [18] indicate that the straight rhabdoms [7] in honeybee ocelli are highly sensitive to linearly polarized light (PL).
For proper analysis of the e-vector orientation of PL, the signals of three photoreceptor types with different e-vector tuning 
L a te ra l tr a n s e c t Median transect O M Figure 2 . The Focusing of Light onto the Ocellar Retinae (A) By looking through excised lenses of the lateral and median ocelli, we determined that the focal plane (at the back focal distance [BFD]) falls largely behind the retinae (upper and lower insets, respectively). Central areas of both retinae were predicted to be at the correct distance from the lens to receive focused light (dotted magenta lines, within BFD ± 10%), and additional areas were predicted to form a trinocularly overlapping visual field (orange lines; see Table S2. axes must be compared [9, 10] . Hypothetically, photoreceptors sensitive to three different e-vector angles could be present in individual ocelli. E-vector analysis would also be possible between the three ocelli if they shared a common field of view and if each contained receptors tuned to just a single e-vector direction. The latter case has the potential to be more sensitive because, with high ratios of convergence between photoreceptors and ocellar interneurons [19] , spatial summation [20] of receptors tuned to the same e-vector angle could occur before comparisons are made between different e-vector directions. Both disordered and ordered orientations of polarization-sensitive (PS) rhabdoms within individual hymenopteran ocellar retinae have previously been described [8] , but comparisons of rhabdom orientations between the ocellar retinae are lacking. Could the rhabdom arrangement within the ocellar retinae of E. imperialis allow them to analyze PL within their shared visual field? Light-microscopy images of larger retinal sections from all three ocelli showed that the rhabdoms within each ocellus are oriented in a similar direction ( Figure 4A ), approximately perpendicular to the ocellar midline ( Figure 2A ). As the retina of each ocellus faces in a different direction, their rhabdoms have different orientations with respect to the head ( Figure 4B ). The rhabdoms of the median ocellus have PS axes approximately perpendicular to the ocellar midline and almost aligned with the sagittal plane of the bee, whereas the axes of the lateral ocelli are offset from this by 40 in either direction ( Figures 4C and  4D) . Given that the three ocelli share a common field of view, combining information from their photoreceptors with different axes of PS would provide information about both the direction and degree of the PL [21] . Although it was not possible from our data to analyze the descending ocellar nerve fibers in detail, studies on honeybees indicate that the convergence of PS information from each ocellus would be possible at points of synaptic contact between their afferent nerve fibers [22] or in commonly innervated brain regions [23, 24] . With a large trinocular visual field, straight and non-twisted rhabdoms, and also different rhabdom orientation patterns between each ocellus, the ocelli of E. imperialis fulfill all of the requirements necessary to act as a true polarization analyzer [9, 10, 21] . Taken together, our analyses thus provide good evidence that the ocelli in orchid bees may have at least two functions: the detection of focused light and, in somewhat separate retinal areas, the detection of PL that may facilitate polarization analysis.
The ability to analyze PL would enable orchid bees to use information from their ocelli as a compass reference, as bumblebees [25] and ants [26, 27] appear to do. Ocellar PS may also complement information from the dorsal rim area (DRA) of the compound eyes [10] , which provides a sky-wide PL compass reference during navigation [28] that is particularly important when the sun is obscured. With their low F number and their underfocused region of trinocular overlap, ocelli are more sensitive to light than are compound eyes [12] . Similarly to the ommatidia of the DRA in other insects [29] , the underfocused trinocular region of orchid bee's ocelli also has a wide field of view. This would allow them to detect PL in the dorsal visual field, either from small parts of the sky not obscured by the canopy or by its reflection from sunlit leaves [30] . We often observed orchid bees flying near dawn when ambient light intensities are below 2 lux. It is therefore possible that they combine information from their ocelli and their DRA to generate a more reliable compass signal when navigating within their home ranges [31] under the rainforest canopy at dawn [32] .
In addition to complementing compass information from the DRA, the PS of orchid bee ocelli may also provide intensity invariant cues for visual discrimination tasks, including identifying non-celestial patterns of PL in the environment [33] or in signals from other insects [34] . PS has also been suggested to improve discrimination between the sky and the ground [7, 8] and increase the contrast of cues used for visual stabilization [35] . Further behavioral studies are therefore necessary to identify the functional role and ecological relevance of PS in orchid bee ocelli, as well as to determine how ocellar vision complements the visual information provided by the compound eyes.
The novel use of tomography to provide anatomical and optical models of the median and lateral ocelli has facilitated the identification of two distinct areas of the retinae and provides evidence that these eyes could perform at least two different tasks. The high-resolution 3D models of optical elements in the ocelli of E. imperialis allowed us to use geometric ray tracing to predict their complete fields of view and to determine the regions of the visual world that specific retinal areas view. This study also presents the first comparison of PS rhabdoms between the median and lateral ocelli in a single species. The results are particularly intriguing because they indicate that orchid bee ocelli possess the required sensory apparatus for true polarization vision in the frontal and dorsal visual fields, a capability that has only previously been identified in stomatopods [36] . Historically, it has been challenging to identify a clear functional role for the ocelli in the visual ecology of many insects [37] , yet the common occurrence of rhabdoms anatomically specialized for PS [8] in the prominent dorsal location of many hymenopteran ocelli [37] presents exciting opportunities for investigating the different mechanisms by which insects utilize PL in this diverse insect order.
EXPERIMENTAL PROCEDURES Study Animals
Male Euglossa imperialis (Cockerell 1922) were attracted to scent baits on Barro Colorado Island in the Republic of Panama and were dissected and preserved on site.
X-Ray Microtomography
Orchid bees were cold anesthetized, and the lower portions of their heads were removed. Samples were fixed in a mixture of 3% paraformaldehyde, 2% glutaraldehyde, and 2% glucose in phosphate buffer (pH 7.3, 0.2M) for 2 hr and were then washed in buffer before secondary fixation with 2% OsO 4 for 1 hr [38] (a preparation that minimizes soft tissue shrinkage [39] ). Samples were later dehydrated in a graded alcohol series, transferred to acetone, and embedded in epoxy resin (Agar 100), after which the external resin was peeled away [7] . Synchrotron X-ray microtomography was conducted at beamline I13-2 [40] of Diamond Light Source, after which the acquired radiographic projections were reconstructed into 3D volumes using DAWN v1.7 [41] (for further details, see the Supplemental Experimental Procedures).
Optical Analysis
The BFD (the distance at which an image is formed behind the rear face of a lens) and the focal length of lenses excised from bee heads were determined using the ''hanging-drop technique,'' and were used to predict areas of the ocellar retina receiving focused light (for further details, see the Supplemental Experimental Procedures).
Ray Tracing
Optical structures visible in the CT volumes were annotated in Amira (FEI) and imported to MATLAB (Mathworks) as labeled image stacks (data and annotated labels are available from the DOIs in Table S1 ). A custom-written MATLAB script was used for 3D geometric ray tracing in which angles of refraction were calculated for rays passing through refractive index interfaces in an ocellus (for further details, see the Supplemental Experimental Procedures).
Histology and Electron Microscopy
Orchid bee ocelli for histology or electron microscopy were prepared as for X-ray microtomography (see above). A diamond knife was used to cut samples into either semi-thin sections, which were stained with toluidine blue and imaged with a Leitz photomicroscope, or ultra-thin sections for viewing with an FEI Tecnai G2 electron microscope. Rhabdom orientation was calculated by manual selection of the points at both ends of 200 rhabdoms (estimated to be approximately one-fifth of the total number in each ocellus) visible in a 
